In the frame of the Solar System, the Doppler and aberration effects cause distortions in the form of mode couplings in the cosmic microwave background (CMB) temperature and polarization power spectra and hence impose biases on the statistics derived by the moving observer. We explore several aspects of such biases and pay close attention to their effects on CMB polarization which have not been examined in detail previously. A potentially important bias that we introduce here is boost variance-an additional term in cosmic variance, induced by the observer's motion. Although this additional term is negligible for whole-sky experiments and can be safely neglected, in partial-sky experiments it can change cosmic variance by 10% in temperature and 20% in polarization. Furthermore, we investigate the significance of motion-induced power and parity asymmetries in TT, EE, and TE as well as potential biases induced in cosmological parameter estimation performed with whole-sky TT-TEEE. Using Planck-like simulations, we find that our local motion induces ∼ 1 − 2% hemispherical asymmetry in a wide range of angular scales in the CMB temperature and polarization power spectra, but not any significant amount of parity asymmetry or shift in cosmological parameters. Finally, we examine the prospects of measuring the velocity of the Solar System w.r.t. the CMB with future experiments via the the mode coupling induced by the Doppler and aberration effects. Using the CMB TT, EE, and TE power spectra up to = 4000, SO and CMB-S4 can make a dipole-independent measurement of our local velocity respectively at 8.5σ and 20σ.
INTRODUCTION
The motion of the Solar System with respect to the cosmic microwave background (CMB) creates mode couplings in the observed temperature and polarization anisotropies. These mode couplings can be interpreted as leakage of nearby harmonic multipoles into each other in the moving frame, inducing a scale-dependent change in the estimated power spectrum (Challinor and van Leeuwen 2002) . The leakage is a result of the relativistic Doppler and aberration effects (Lorentz boost) caused by the motion of the observer (us) in the rest frame of the CMB. The largest component of this effect is the well-known CMB dipole moment-which is the rest frame monopole leaking into the observed dipole in the moving frame (Yasini and Pierpaoli 2017a; Kamionkowski yasini@usc.edu † pierpaol@usc.edu and Loeb 1997; Yasini and Pierpaoli 2016)-but the leakage exists among other multipoles as well. The mode coupling arising from the motion-induced leakage is usually disregarded, with the exception of the dipole, but it has been shown that depending on the geometry and sky/frequency coverage of the specific CMB experiment it can have nontrivial consequences and can potentially lead to biases in CMB statistics (Yasini and Pierpaoli 2017b; Chluba 2011; Jeong et al. 2014) .
In the half portion of the sky towards the direction of motion, the primary effects of the boost on the power spectrum are (i) an overall increase in total power, and (ii) a decrease in the size of angular fluctuations 1 (Yasini and Pierpaoli 2017b) . The opposite holds in the antipodal half of the sky. These changes (i & ii) naturally lead to an asymmetry in the observed CMB power spectrum and any other statistics inferred from opposite halves of the sky. In this paper we examine several statistics that could be potentially affected by the boost, and assess the amount of motion-induced bias in them using realistic simulations.
In particular we look at (i) the impact of the Doppler and aberration effects on the CMB temperature and polarization power spectra and their corresponding cosmic variance, (ii) potential power and parity asymmetries induced in CMB maps as well as (iii) possible shifts in cosmological parameters in all-sky experiments. We also investigate (iv) prospects of future experiments for measuring our local velocity w.r.t. the CMB using motion-induced harmonic mode coupling. Some of these issues have been studied previously, but here we redo them using state-of-the-art theoretical modeling of the boost and include polarization and cross-spectra which are usually ignored.
We also introduce a software that offers an accurate boosting formalism called CosmoBoost 2 which employs the generalized Doppler and aberration kernel developed in Yasini and Pierpaoli (2017b) based on previous work by . The calculations of the Doppler and aberration effect in this formalism are performed in harmonic space and hence the results are not prone to errors that incur in real space boosting due to pixelization and finite window function (Yoho et al. 2012; Jeong et al. 2014) . CosmoBoost also calculates the motion-induced spectral deviations of the CMB from black body in harmonic space (Yasini and Pierpaoli 2017b) , which might also have an impact in deriving parameters from observations. However, these effects are expected to be small and would primarily impact other aspects of CMB data analysis (e.g. calibration) not considered here, and we therefore ignore them in this paper.
Boost Variance: The motion of the observer changes the uncertainty associated with determining the underlying theoretical power spectrum from observation. We will show that in a naive analysis of the power spectrum the boost changes the so called cosmic variance; we call this effect boost variance and investigate its angular dependence and its relevance in various patches in the sky (see §3.3).
Power Asymmetry: We will closely examine the effect of the Lorentz boost as a source of power asymmetry in the CMB (Das 2018; Shaikh et al. 2019; Dai et al. 2013 ) when observed in different portions of the sky, and in particular opposite hemispheres. This problem has been studied in Notari et al. (2014) and Quartin and Notari (2015) for CMB temperature; here we repeat the exercise using CosmoBoost and include polarization spectra as well. Using simulations we show that Lorentz boost induces non-trivial (percent level) hemispherical power asymmetry in TT, EE, and TE power spectra of a Planck-like experiment, and then compare the results with the observations from Planck (Akrami et al. 2019 ) (see §4).
Parity Asymmetry: Aside from the well-known power asymmetry, the Planck maps deviate from the expected statistical isotropy through the so called parity asymmetry, i.e., the odd multipoles carry more power than the even multi-2 syasini/CosmoBoost poles. Using simulations we examine whether this could be caused by the motion of the observer (Naselsky et al. 2012) and investigate any potential parity asymmetry induced by the boost (see §5).
Cosmological Parameter Estimation: The motioninduced change in the power spectrum propagates to the inferred cosmological parameters as well. This issue has been reviewed in particular for the Planck parameter estimation in Catena and Notari (2013) using only the temperature power spectrum, a simplified treatment of the foreground mask, and a suboptimal boosting scheme. Here we revisit the problem but also include (i) polarization, (ii) the final Planck noise configuration and foreground mask, and (iii) use the accurate boosting formalism CosmoBoost in simulating the power spectra (see §6). Furthermore, the effect on high (> 800) and low (< 800) modes are examined separately to investigate potential discrepancies induced in these two ranges for Planck. The outcome of the combination of various updates with respect to Catena and Notari (2013) is not immediately obvious-as some would lead to larger and others to smaller effects in parameter estimation. Therefore, it is worth redoing this exercise to ensure the Planck parameters are not biased by the Doppler and aberration effects.
Boost Detection: It is possible to infer the direction and amplitude of our local bulk motion with respect to the CMB by measuring the coupling between the nearby multipoles. This effect was introduced in Kosowsky and Kahniashvili (2011), and Amendola et al. (2011) based on the original calculations by Challinor and van Leeuwen (2002) , and later detected by Planck in Aghanim et al. (2014) using the CMB temperature. Since the amplitude of the coupling signal depends on the slope of fluctuation in the CMB angular power spectrum (see §7), it actually leaves a larger signature in polarization than in temperature 3 . However, the polarization noise in Planck makes this component of the boost coupling signal subdominant with respect to the one in temperature, and hence undetectable. The next generation of CMB surveys, however, will have lower noise levels, and will therefore measure the polarization power spectrum better, and extend the range of modes measurable in temperature. Although the upcoming experiments such as the Simons Observatory (SO) (Abitbol et al. 2019) and CMB-S4 (Abazajian et al. 2019a,b) are planned to observe a smaller fraction of the sky compared with Planck, their higher sensitivities will map the power spectrum with greater precision at smaller scales, allowing for better measurement of the motion-induced mode coupling. It is therefore worthwhile to exploit their enhanced capabilities to make a more accurate measurement of our local velocity, independent of the dipole component. Such measurements will be extremely valuable in lifting the degeneracy between the kinematic and intrinsic components of the CMB dipole (Yasini and Pierpaoli 2017a; Roldan et al. 2016) . We will examine the prospects of this detection with SO and CMB-S4, and the synergy between these experiments and Planck.
Outline: The outline of the paper is as follows: § 2 con-tains a summary of the notation and approximations used in the paper. In § 3 we review the Doppler and aberration Kernel formalism and then investigate the effect of Lorentz boost on the CMB temperature and polarization harmonic multipoles and power spectra as well as their associated cosmic variance. In § 4 we examine the hemispherical power asymmetry induced by the boost in both temperature and polarization spectra. § 5 briefly inspects possible motioninduced parity asymmetries induced in CMB temperature and polarization power spectra. In § 6 we examine the potential bias induced by the boost in cosmological parameter estimation for a Planck-like experiment. And finally in §7 the prospects of boost detection using large-sky CMB experiments such as SO and CMB-S4 are discussed. A summary of the results is presented in §8.
NOTATION AND APPROXIMATIONS
Throughout this paper, tilde (˜) and prime ( ) accents are reserved for variables and indices in the boosted frame. The explicit use of the prime notation repeatedly throughout the text is to remind the reader that the variables of analysis are evaluated in a boosted frame. Whenever necessary the subscripts r and b are used to distinguish the rest and boosted frames w.r.t. the CMB. Unless noted otherwise, ∆C refers to the boosted minus rest frame values of the estimated power spectrum. C XY refers to the estimated power spectrum 1/(2 + 1) a X * m a Y m , where X, Y ∈ {T, E }, and C X X is used to indicate the underlying variance of the harmonic multipoles |a ,m | 2 . The estimated power spectrum is typically expressed with a hat notation (Ĉ ), however, we chose this unconventional notation (simply C ) for the estimator to avoid the use of two accents (tilde and hat) for the estimated power spectrum in the boosted frame. A primed index on a rest frame observable such as C means C | = . Finally, h, k, and c respectively refer to the Planck, Boltzmann, and speed of light in vacuum constants.
The fiducial values for the cosmological parameters used in the paper (ω b , ω c , θ, A s , n s , H 0 , σ 8 ) are respectively (0.022, 0.119, 1.042, 2.3 × 10 −9 , 0.9667, 67.74, 0.860). We also fix reionization τ = 0.066 to avoid complications in dealing with small values in parameter estimation. The values of cosmological parameters used are not the ones preferred by the most updated Planck 2018 results (Aghanim et al. 2018) , however, since here we are only concerned with the amount of shift in these parameters induced by the boost, their actual values are of little importance in this study.
We use the Planck 143 GHz mask 4 as the primary mask in the study. The 100 GHz and 217 GHz masks have respectively smaller and larger areas covered with respect to the 143 GHz. This means that we should expect the boost effects in the power spectrum to be slightly weaker for the former and stronger for the latter (Pereira et al. 2010) . For this reason we chose to use the 143 GHz mask to get a reasonable estimate of the effect in the combined maps.
Since all the discussed effects are minimal for the Bmode power spectrum, we do not consider this polarization Figure 1 . The general behavior of the Doppler and aberration kernel for thermodynamic temperature T . The kernel coefficient T K m denotes the amount of motion-induced leakage from the spherical harmonic coefficient a m in the rest frame, into the observed a m . The y-axis shows the leakage components from a range of −8 < ∆ < 8 neighbors into observed modes =500, 1500, and 2500 at m = 0. As we increase , the kernel becomes more non-linear and the contribution from farther neighbors become more important and hence non-negligible. The kernel coefficients generally become smaller as m → . Also, at 2 the polarization kernel E K m converges to T K m . mode in the paper (see Yasini and Pierpaoli (2017b) for details on motion-induced E to B leakage).
THE EFFECT OF OUR MOTION ON TEMPERATURE AND POLARIZATION STATISTICS

Doppler and Aberration Kernel Formalism
The effects of the boost on the incoming photons in the observer's frame moving with the peculiar velocity vector ì v w.r.t. the CMB are two fold: First, there is a change in the frequency of the photons ν due to the Doppler effect
and second, there is a change in the observed angle of the photonsn due to the aberration effect
Here γ = 1/ 1 − β 2 , µ =n ·β, and ì β = ββ = ì v/c is the dimensionless velocity of the frame. For simplicity, it is conventional to work in the coordinate system whereẑ =β and rewrite Eq. (2) as
where µ =n ·β. Henceforth, we use this coordinate system for all the analyses and rotate all sky maps to this frame whenever necessary. Using the transformation β → −β, one easily obtains the inverse transformations ν → ν and µ → µ to find the variables in the CMB frame.
Assuming the CMB is a perfect black body in its rest frame in every direction with the specific intensity
it is easy to show, using the inverse of Eq.
(1), that the temperature in the observer's moving frame is equal tõ
and similarly for the polarization Stokes parameters Q T and U T in thermodynamic temperature units. Decomposing this equation in spherical harmonic space yields the harmonic boost equation (Yasini and Pierpaoli 2017b; :
Here X ∈ {T, E } and X K m (β) is the Doppler and aberration kernel (see §A for full definition) . The kernel coefficient X K m represents the amount of motion-induced leakage of multipole a m from the rest frame, into the observedã m in the moving frame. Obviously, when β = 0, the kernel reduces to the Kronecker delta X K m (0) = δ . Note that there is no cross-leakage among different m modes. This simplification arises because of theβ =ẑ assumption, since in this frame the angular distortions due to the aberration effect are only in the direction of the polar angleθ, with no change in the azimuthal directionφ. Fig. 1 shows the shape of the kernel T K m +∆ for a few different multipoles , and a range of −8 < ∆ < 8. Each point represents the amount of motion-induced leakage from multipole + ∆ into the observed mode. In the moving frame, a multipole observed in the hemisphere towards the direction of motion leaks into its higher neighbors ( +1, +2, etc.) and receives a contribution from its lower neighbors ( − 1, − 2, etc.). And the opposite happens in the opposite hemisphere. With this in mind, one can interpret the ∆ < 0 (∆ > 0) terms in the kernel as the contribution of modes towards (away from) the direction of motion.
At low the kernel starts very linearly (≈ β ) with a sharp peak at ∆ = 0 (Challinor and van Leeuwen 2002). But as we pass 1/β ≈ 800, the behaviour of the kernel becomes non-linear (deviates from β approximation) and the central element ∆ = 0 does not have the highest value anymore (Chluba et al. 2012) . In other words, at this range the leakage from farther neighbors becomes far greater than one would naively expect. For the high values of presented in the plot the kernel for polarization is practically the same; the difference between the temperature and polarization kernel coefficients is of the order ∼ 1/( 2 − 2).
Boosted Power Spectrum
Analytical estimate
The harmonic boost equation (Eq. (6)) indicates that in the observer's frame the multipole comprises the mode of the rest frame, as well as the motion induced leakage from the first neighbors + 1 and − 1, second neighbors + 2 and − 2, and so on. The leakage from the nearby modes leads to a mode coupling between multipoles as well as a change in the estimated power spectrum
Jeong et al. (2014) has shown that the ensemble average of this expression can be well approximated bỹ
where C X X = C X X and θ = arccos µ is the polar angle in the moving frame and the overline indicates an angular average
where Ω obs is the observation patch in the sky. In the following subsection we will show that this approximation works extremely well in approximating the statistical average of the motion-induced shift in the power spectrum, but if used to correct the effect on an individual realization of C it will leave non-negligible residuals.
Simulations
Using the formalism presented in the previous subsection, we now examine the amount of motion-induced distortion in the CMB power spectra using 100 rest frame and boosted simulations. In order to gauge the significance of the effect in the observed CMB sky, we follow the example in Jeong et al. (2014) and split the northern hemisphere into 5 equal-area strips (assuming the observer is moving towardsẑ). Then we look at the relative difference between the rest frame and boosted frame power spectra in each of these strips for an individual simulation, as well as the average of the ensemble. Fig. 2 shows the motion-induced fractional change ∆C /C in 5 equal-area bands in the northern hemisphere for TT and EE power spectra. There are obvious general characteristics in the plot that are expected from the boost. (i) The effect is more prominent in the strips closer to the north galactic pole because the Doppler and aberration effects are stronger in directions closer to the apex of motion. (ii) In the northern hemisphere, there is an overall increase in the power that becomes larger as we get to smaller angular scales (higher modes)-this is a direct consequence of the fact that the aberration effect changes the relative size of smaller anisotropies more strongly than it does for large scales 5 . (iii) Since the amount of power leakage depends on the slope of the power spectrum, the relative changes in TT and EE fluctuate out of phase with respect to the corresponding rest frame spectra (second term in Eq. 8). By the same token, since the EE has more pronounced fluctuations than the TT power spectrum, the relative change is in general larger in polarization than in temperature. As we will discuss in more detail in §7, for an experiment with low instrumental noise, this very fact makes detection of the boost-using mode coupling-easier in polarization than in temperature (see §B for the TE power spectrum plots). It is worth noting that although the behavior of the kernel becomes nonlinear in β for 1/β 800, Eq. (8) still performs very well in approximating the ensemble average of the boosted power spectra in this range. However, using the ensemble average to correct the motion-induced effects on a single realizationC would leave a non-negligible amount of residuals in the power spectrum. (e.g., this strategy was acquired for ACTPol; see §3.8 of Louis et al. (2017) .) As depicted in the top panels of both plots in Fig. 2 , the residuals left in a single realization of the power spectra binned by δ = 10 can be as large as 20% of cosmic variance on a wide range of angular scales. These residuals can be potentially important for small-area surveys such as ACT or SPT-like Fig. 2 , normalized by the rest frame power spectrum. Individual plots respectively show this change for TT (left) and EE (right) spectra. The solid lines (orange for TT and blue for EE) show the average difference between cosmic variance in the boosted frameσ (Eq. 12) and rest frame σ (Eq. 11) for 100 simulations Gaussian smoothed over a δ = 10 scale. The increase due to the boost variance can be as large as 10 % of rest frame cosmic variance (purple band) for TT, and 20% for EE at 3000. Similar to what happens to the average of the power spectrum shown in the previous plot, the variance also becomes larger towards the direction of motion (higher panels in both plots) and in general is more prominent in EE than in TT. Unlike the average, however, the variance does not change sign in the southern hemisphere (not shown here). Our analytical formula in Eq. (12) approximates the effect closely, but slightly over estimates it at its peaks. experiments which use the Jeong approximation to correct for the Doppler and aberration effects. As pointed out earlier, by using the accurate formalism of CosmoBoost (Yasini and Pierpaoli 2017b) which corrects the motion-induced effects at map-level in harmonic space, these residuals can be entirely removed. Another strategy for removing these residuals-similar to what is done for cosmic variancewould be to employ a large bin size when correcting the effect statistically; they virtually vanish for δ > 50, however, their ratio w.r.t. cosmic variance remains unchanged.
An important point that might not be immediately obvious from Fig. 2 is that the oscillating patterns emerge in the southern hemisphere with the opposite sign (cos θ → − cos θ : ∆C /C → −∆C /C in O(β) ). The crucial consequence of this statement is that when one calculates the power spectrum over a patch of the sky that is symmetric w.r.t. cos θ, the motion-induced effects cancel each other to first order in β. As we will show in §6, this is roughly the case for Planck which has a mask that is fairly symmetric w.r.t. the peculiar velocity unit vectorβ.
Boost Variance
Analytical estimate
Aside from inducing a shift in the statistical average of the power spectrum at every , the Doppler and aberration effects change the variance of each mode as well. In what follows we will quantify this variance analytically. For simplicity we drop the X X superscript from all C X X s and C X X s, and the prime (´) accent in this subsection.
In the rest frame, the first cumulant (ensemble mean) of the estimated power spectrum C = m |a m | 2 /(2 + 1) is
where C is the variance of the harmonic coefficients |a m | 2 ≡ C , also known as the theoretical power spectrum of the underlying cosmological model. Similarly, for the second cumulant we have (see appendix C1 or C3)
which is known as cosmic variance (Knox 1995; Scott et al. 2016) . A simple interpretation of this equation is that in every ensemble of power spectrum realizations with the mean value C , at every roughly 68% of the C s are within σ of the mean.
In a moving frame, an observed multipole leaks into and receives a contribution from its nearby neighbors ( ± 1, ± 2, etc.). This phenomenon, which roughly depends on the slope of the power spectrum (see Eq. (8)), increases the uncertainty associated with cosmic variance: not only the variance of each mode depends on the mean C , it also weakly depends on the slope dC /d because of the observer's motion. We call this source of extra uncertainty induced by the observer's motion boost variance. A simple calculation of the squared deviation of the boosted power spectrumC from the theoretical C yields (see appendix C2)
boost variance (12) The motion of the observer increases the variance of the ensemble of observed power spectra both towards (cos θ > 0) and away from (cos θ < 0) the direction of motion, and has minimal effect on the motion's equatorial plane (cos θ 0).
In a partial sky experiment, the sample variance can be easily calculated from this expression viaσ 2 / f sky where f sky is the fraction of sky covered by the survey (Scott et al. 1994) . As we will show with simulations in the next subsection ( §3.3.2), the boost variance in an f sky = 10% area towards the direction of motion becomes larger than 10% of the cosmic variance in temperature, and 20% in polarization beyond 1500 (∼ 7 arcmins). It is important to point out that Eq. (12) represents the relevant variance in a naive analysis of the power spectrum without any boost corrections implemented (e.g., in a study where the theoretical power spectrum or cosmological parameters are being inferred from the observedC in a moving frame, without correcting the Doppler and aberration effects). However, if the effect of the boost is already being corrected for in the theoretical mean C →C, as is done in e.g. SPTPol (see §7.4 in Henning et al. (2018) ) then the variance reduces to
After correcting the effect statistically, this would be the proper expression to use for cosmic variance in the boosted frame. Expanding the above equation in β yields a boost variance equal toσ 2 − σ 2 −4βcos θC dC /d . Here the boost variance around the boosted mean is about an order of magnitude smaller than Eq. (12) which shows the boost variance around the theoretical mean; For SPTPol with cos θ −0.4 and ACTPol with cos θ −0.8, it drops respectively below 0.1% and 0.2% of cosmic variance (σ ) at 400. For ACTPol, however, since they do not exactly correct the effect onC , but instead correctC using the ensemble average estimate, it is not clear whether this estimate is appropriate or not.
By propagating the variance in Eq. (13) to inferred cosmological parameters via the Fisher matrix F i j = C −2 ∂ iC ∂ jC (Tegmark 1997) , we found that the error bars on all parameters are affected at most by 0.01σ, assuming cos θ = 1. Therefore correcting the boost in the average (or theoretical) power spectrum should sufficiently remove any bias propagated to the inferred parameters fromC . Fig. 3 shows the significance of boost variance for the 5 equal area cuts of Fig. 2 . Here the left and right plots show the relative motion-induced change in the standard deviation ∆σ X X / C X X = (σ X X − σ X X )/ C X X respectively for temperature (X = T) and polarization (X = E). As expected, the change due to boost variance is larger towards the direction of motion (higher panels) and smaller angular scales (higher ), and the effect is generally larger in polarization than in temperature. In the topmost panel which represents f sky = 10% of the sky towardsβ, the effect is around 10% of rest frame cosmic variance (purple band ) in TT and 20% in EE.
Simulations
Due to its dependence on cos θ, the boost variance is completely negligible for observation patches that are either symmetric w.r.t. the equatorial plane of motion, or are away from the tip of the velocity vector (or its antipode). Therefore, inclusion of boost variance is not necessary for experiments with such observation windows (e.g. Planck and SO). However, in a partial-sky experiment that aims for subpercent level precision, if the effect of the boost is not subtracted from the observed power spectrum (for example using CosmoBoost), this extra variance should be included in the error budget of any statistics inferred from theC s. This means that the total variance (rest+boost) in Eqs. (12) or (13) should replace the typical cosmic variance expression in any relevant statistical analyses of such experiment.
HEMISPHERICAL POWER ASYMMETRY IN THE POWER SPECTRUM
Since the Doppler effect increases the brightness of the incoming radiation on all angular scales in the direction of motion-and decreases it on the opposite side-it creates a power asymmetry in the two hemispheres. It was discovered in Eriksen et al. (2004) that the WMAP power spectrum calculated over different patches of the sky does not seem to be statistically isotropic. This anomaly was later confirmed in the Planck maps as well (Ade et al. 2014 (Ade et al. , 2016 Akrami et al. 2019) . It is worth looking into how the motion of the observer affects power distribution in the CMB, and possibly shed light on the hemispherical asymmetry anomaly observed in the CMB map. This exercise has been performed for the CMB temperature in Notari et al. (2014) and Quartin and Notari (2015) , but here we repeat it using the accurate formalism of CosmoBoost, and also include polarization (see Mukherjee et al. (2014) for an analytical examination using Bipolar Spherical Harmonics (Hajian and Souradeep 2003) ).
As discussed in the previous section, the observed power spectrum increases in the direction of motion proportional to β cos θ dC /d (see Fig. 2 ). Since cos θ is positive in the northern hemisphere and negative in the southern hemisphere, this naturally lead to a power asymmetry in the observed CMB anisotropies both in temperature and polarization. In order to gauge the amount of motion-induced asymmetry in the CMB sky we take the following steps: we split the Planck foreground mask into northern and southern hemispheres, then rotate them to theβ →ẑ frame. We then apply these masks to 100 rest frame and boosted simulations. We then calculate the power spectra of all maps and look at the relative difference between the boosted and rest frame results in each hemisphere. Fig. 4 shows the relative motion-induced power asymmetry in the galactic northern and southern hemispheres for 100 simulations of a Planck-like experiment. The boost is performed assuming the observer is moving in the direction of the CMB dipole with β = 0.00123 andβ = (264 • , 48 • ) in galactic coordinates. The average (jagged lines) are Gaussian smoothed (colored lines) with δ = 10 for visual guidance, indicating the general behaviour of the oscillations. The top and middle panels of each subfigure depict the relative difference between the power spectrum in the boosted frame (C X X ) and rest frame (C X X ),
where X is T (orange) or E (blue). As expected, both TT and EE increase in the northern hemisphere (β cos θ > 0) and decrease in the southern hemisphere (β cos θ < 0). The amplitude of the effect also oscillates according to dC /d , out of phase with the corresponding rest frame power spectra. The bottom panels of each plot show the relative difference between the northern and southern hemispheres
Here, NC X X and SC X X represent the boosted power spectra in the northern and southern hemispheres. The advantage of using this statistic to gauge the amount of motion-induced power asymmetry is that it only relies on the boosted frame (observed) power spectra. Therefore, it can be directly applied to observations where the rest frame data are inevitably unavailable. As shown in the bottom panel of both subfigures, the Doppler and aberration effects induce an average of ∼ 1% (with a maximum of ∼ 2.5%) increase in TT and EE power spectra. These results are consistent with the one from Notari et al. (2014) who calculated this effect for temperature (see their Fig. 1) . Now, let us evaluate this statistic on the Planck temperature and polarization data. Fig. 5 shows the relative difference in power between the northern and southern hemispheres of the Planck SMICA map in comparison with simulations. As evident from the plot, although the hemispherical asymmetry of the SMICA power spectra have the expected sign as the ones induced by the local motion, it is unlikely that the entire deviation is explained by the Doppler and aberration effects. Nevertheless, the oscillations in the northsouth power asymmetry of Planck SMICA over various angular scales-especially in the case of TT up to 1500marginally follow the same frequency as the motion-induced oscillations in the simulations, which suggests that these patterns are at least in part induced by the boost. A key point here is that since the Planck maps have not been corrected for the Doppler and aberration effects, we know that their footprints inevitably exist in the in observational data. However, an accurate determination of exactly how much of the effects shown here is due to Doppler and aberration and how much due to foregrounds, mask, and other systematic contaminations requires a more rigorous examination. Here we merely point out the similarity between the motion-induced pattern in observation and simulations, but we avoid over-interpretation of this partial correspondence between the two, and postpone a detailed analysis to future work. A similar plot for the TE power spectrum is presented in Fig. B4 .
PARITY ASYMMETRY
Another anomaly observed in Planck maps that breaks the expected statistical isotropy is an apparent parity asymmetry: there is more power in the odd multipoles than in the even multipoles (Akrami et al. 2019) . It has been suggested by Naselsky et al. (2012) and Zhao (2014) that the odd-multipole preference of the CMB power spectrum could be induced by the kinematic dipole. In this section, using simulations we examine whether the motion of the observer can cause a parity asymmetry in the CMB temperature and polarization maps. Following section 6.3 of Akrami et al.
(2019), we use the following statistic to gauge the amount of parity asymmetry in 100 whole-sky temperature and polarization maps
where even C X X ( max ) ≡ 1 even tot max ∈even ( + 1) 4π C X X .
Here even tot is the total number of modes included in the sum. An equivalent definition with even → odd holds for the odd multipoles. As before, X ∈ {T, E}. We apply this statistic to full sky simulations in rest frame and their corresponding boosted equivalents to see if the boost can induce any parity asymmetry in temperature or polarization.
Figs. 6 show the average of the parity statistic R X X for 100 simulations in the rest frame and boosted frame, with the shaded areas indicating the 1σ regions (standard deviation of the rest frame simulations). The top and bottom plots respectively present R TT and R E E . The top panel shows R TT of the Planck SMICA map (dotted red ), which is about 2σ away from the simulation average. The average amount of parity asymmetry induced in the simulations up to max = 500 (range shown in the plot) is only about 0.05σ for TT and 0.03σ for EE. Therefore, it can be safely concluded that since our local motion does not generate any significant parity asymmetry, it is not the relevant source of this observed anomaly in the CMB. Repeating this exercise only for the north hemisphere (south hemisphere masked) results in R TT = 0.04σ and R E E = 0.06σ, so it is unlikely that the results will be significantly different in masked skies. 
Whole-sky Boosted Simulations
PARAMETER ESTIMATION WITH PLANCK POWER SPECTRUM
In this section we investigate how much the motion of the Solar System changes the cosmological parameters inferred from the CMB power spectrum as measured by Planck. As shown in § 4, our local motion changes the power spectrum up to ∼ 2% in each hemisphere. However, since Planck's observation patch is relatively symmetric w.r.t.β, the effects we observe in the northern hemisphere (contracted angular scales of anisotropies and enhanced amplitudes) get canceled out by the opposite effects in the southern hemisphere (expanded angular scales and diminished amplitudes) when calculating the power spectrum on the whole sky. Fig. 7 shows the effect of the boost on the whole-sky temperature and polarization power spectra. A comparison with Fig. 4 reveals how the effects in the northern and southern hemispheres have canceled each other, reducing the effect to only O(β 2 ). The average change in power spectra reduces to 0.05 % for both TT and EE 6 . Note that similar to the half-sky case, despite the small shift in the average (or Gaussian smoothed) effect, the change in individual modes of C are still much larger and can reach a few percent. In order to emphasize this fact, we have kept an individual simulation in the plot binned by δ = 10 (the fluctuations on individual modes exceed 1% and are not shown in the plot). The main question here is how much of the change in an individual C realization propagates to the inferred cosmological parameters in a Planck-like experiment.
In order to assess the relevance of the motion-induced (Akrami et al. 2018) . We take the following steps to prepare the dataset for the analysis:
• Calculate the TT, EE, and TE theoretical CMB power spectra using the 5 fiducial parameters (ω b , ω c , θ, A s , n s ) (see §1) with CAMB 7 (Lewis et al. 2000) .
• Simulate temperature and polarization CMB maps from the theoretical C using healpy.synfast up to lmax=3000 and NSIDE=1024.
• Boost a copy of the simulated map using the Cosmo-Boost code. This map represents what would be observed in a frame moving with the velocity β = 0.00123 in theẑ direction.
• Apply the Planck foreground mask to both maps. Since the Doppler and aberration kernel formalism boosts the map in theβ =ẑ direction, we rotate the mask to the same coordinate system. The output of this step is a CMB map observed in a frame moving with β = 0.00123 in theβ = (268 • , 48 • ) direction.
• Calculate the power spectrum of both rest frame and boosted maps using pymaster 8 (Alonso et al. 2019) to correct for the coupling among nearby multipoles induced by the mask.
Binning the power spectrum in general reduces the effect of the boost on the change in the power spectrum. Here we do not consider a binning scheme so that we can gauge the maximum possible effect; we use the power spectra with δ bin = 1.
Using the two power spectra obtained from the preparation steps-one in the rest frame, one in the boosted framewe perform maximum likelihood parameter estimation with the MCMC code monte-python 3 (Brinckmann and Lesgourgues 2018) . For simplicity, instrumental noise is directly added to the power spectra, not at the map level. We employ the likelihood of Hamimeche and Lewis (2008) for two different configurations in TTTEEE : (i) whole range of angular scales probed by Planck (2 ≤ ≤ 2500), and (ii) high (2 ≤ ≤ 800) vs. low (801 ≤ ≤ 2500). Fig. 8 shows the results of parameter estimation using TTTEEE spectra in the range 2 ≤ ≤ 2500 from one random simulation, both in the rest frame (red ) and boosted frame (dotted black ). The contour lines of both frames almost overlap, demonstrating the almost perfect cancellation of the boost effect in the northern and southern hemispheres. To ensure this cancellation is not merely due to chance in the particular simulation we analyzed, we repeat the exercise with 9 more realizations of the power spectra and look at the average shift in the parameters due to boost and compare this with the error bars on each parameter.
Tab. 1 shows the result of this analysis for all 10 simulations. The average shift on the parameters is on average about 0.02σ, with sound horizon θ being the most affected 7 cmbant/CAMB Figure 8 . Parameter constraints from rest frame and boosted frame TT, EE, TE spectra in the range (2 < < 2500) for a Planck-like experiment. The contour lines are 68% and 95% confidence intervals. The shift in parameters are only of the order 0.02σ, which is why the rest frame (r ) and boosted frame (b) contour lines overlap. Here the reionization optical depth τ is fixed to avoid complications in the low-parameter estimation. See Tab. 1 below for the average shift in parameters due to the boost. Table 1 . The average mean and standard deviation of 10 parameter estimations from boosted and rest frame simulations. µ r and µ b are the average of the inferred parameters in the rest and boosted frame. σ r is the average variance of each corresponding parameter in the rest frame. The last column reports the shift in the mean of parameters due to Doppler and aberration effects, normalized by the intrinsic error in each parameter. (∼ 0.06σ) and curvature perturbation amplitude A s being the least affected (∼ 0.01σ). The errors on the numbers reported in the last column of the table are less than 20%, so we decided that 10 simulations suffice for this analysis.
The results that we find on the shift of parameters are typically smaller than the ones reported by Catena and Notari (2013) which only considers temperature. This is likely due to the fact that their boosting formalism slightly overestimates the effect (see Fig. 2 in ). Inclusion of polarization information (EE, TE) does not affect average shift in parameters significantly compared to chains that only run with the TT power spectrum. The EEonly runs also yield similarly negligible shifts in parameters. Figure 9 . Parameter constraints from rest frame and boosted frame TT, EE, TE spectra in the range 2 < < 800 (blue) 801 < < 2500 (orange). The contour lines are 68% and 95% confidence intervals. The shift in parameters is slightly larger than the ones in Fig. 8 , but still negligible (see Tab. 2). Table 2 . The average motion-induced shift in the mean of estimated parameters in the rest frame (µ r ) and boosted frame (µ b ), normalized by the rest frame uncertainty in each parameter (σ r ). The results are overall larger than the ones obtained from the whole range of 2 < < 2500 in Tab. 1. Fig. 9 shows similar results for the TTTEEE parameter estimation but with (2 ≤ ≤ 800) and (801 ≤ ≤ 2500) plotted separately. In the 2 ≤ ≤ 800 regime, θ is still the most affected parameter-understandably so, because it is primarily determined by the position of the first peak. However, in the 801 ≤ ≤ 2500 range the two parameters A s and n s are also affected comparably. Overall, the shift in parameters is still negligible and remains smaller than 0.1σ for all of them. In this analysis we did not consider the frequency dependence of the boost effect which is negligible for experiments with symmetric (w.r.t. the direction of motion) masks such as Planck (Yasini and Pierpaoli 2016) . This effect could be potentially important for partial sky experiments but we postpone a detailed analysis of its implications for cosmology to future studies.
BOOST DETECTION USING HARMONIC MODE COUPLING
The amount of motion-induced leakage of the nearby multipoles into each other depends on the amplitude and direction of the local peculiar velocity vector with respect to the CMB rest frame. Therefore, measurements of this induced mode coupling in CMB temperature and polarization-which have well-known statistics-can be exploited to measure the local peculiar velocity vector. This idea has been investigated in detail in Kosowsky and Kahniashvili (2011); Amendola et al. (2011) ; Notari and Quartin (2012) , and the signal has been detected by Planck using 500 < < 2000 of 143 and 217 GHz channel maps (Aghanim et al. 2014 ) reporting a value of β = 0.00128 ± 0.00026(stat.) ± 0.00038(syst.). Here we present estimates for the achievable S/N with future surveys such as SO and CMB-S4, and compare their performance with Planck. The amplitude of the motion-induced coupling between mode and and its first neighbor + 1 in the moving frame can be calculated using Eq. (6) as the following (Amendola et al. 2011; Chluba 2011; )
with
where X, Y ∈ {T, E} in thermodynamic temperature units (Doppler weight 1), and s X and s Y are the spin weights of the observable (0 for temperature and 2 for polarization). The approximation in the last line of Eq. (18), presented in Amendola et al. (2011) is not valid for 1/β ≈ 800 and overestimates the amount of coupling between first neighbors (∆ = 1). Nevertheless, as pointed out in Chluba (2011) this formula approximates the total signal due to the relevant coupling between all the nearby neighbors very well 9 . Therefore, to avoid numerical complications we use this approximation as a proxy to assess the attainable signal-tonoise for boost detection with Planck, SO, and CMB-S4. We also use the estimate for the covariance 10 from Amendola et al. (2011) 
Here C ≡ (C + N )/ f sky is the effective power spectrum and N ≡ w −1 exp[ ( + 1)θ 2 fwhm /(8 log 2)] is the instrumental noise, where w −1 is the sensitivity [µK-arcmin] and θ fwhm is the full-width-half-maximum of the beam [arcmin]. Using Eqs. 18 and 20 we can easily calculate the total signal-tonoise for different experiments using their {w −1 , θ fwhm , f sky } configurations as
Using this equation, we now estimate the S/N for measuring β (assumingβ is known) with Planck, SO and CMB-S4.
For Planck ( f sky = 0.85), we use the combined 143 and 217 GHz noise power spectra to emulate the results of Aghanim et al. (2014) which uses the data from these two frequency channels. The sensitivity and beam size for these channels are shown in Tab. 3). For SO ( f sky = 0.4) we use the closest matching frequencies 145 and 225 GHz (see Tab. 3), and for CMB-S ( f sky = 0.4) we use the nominal w −1 T = 1 µK-arcmin and θ fwhm = 1.4 arcmin. Fig. 10 shows the estimated S/N from Planck (left), Simons Observatory (middle), and CMB-S4 (right). Each plot shows the S/N in TT (dashed ), EE (dotted ), and TE (dotdashed ) separately, and all combined (solid ). Planck clearly becomes noise dominated at > 2000, and it can only obtain a S/N of about 4.5 with minimal contribution from EE and TE. The Simons Observatory, despite its smaller sky fraction and hence coverage of lower number of m modes for a given , has a much lower instrumental noise and can supersede Planck in detection of this signal. Using only EE, SO can achieve a similar S/N to Planck (compare the dotted line in the middle panel to the solid line in the left). Combining TT, EE, and TE for SO results in a total S/N of 8.5, roughly twice as large as Planck's. Notice that below ∼ 2000 where the SO EE is not noise limited, it gains a large S/N compared to TT (compare dotted and dashed lines in the middle panel). As pointed out before, since the EE power spectrum fluctuates more abruptly than TT, it yields a larger mode coupling in the boosted frame. Finally, for comparison we also show the results for CMB-S4 which can attain a total S/N of around 20.
This detection leverages on mode-coupling to measure β and is highly sensitive to number of available modes in the observed patch and hence f sky . Since Planck covers a larger sky fraction compared to SO and CMB-S4, it is interesting to see whether there are any synergies between these experiments. To assess this, we combine the signal from the additional sky fraction covered by Planck, and add it to the obtained signal from SO, and then separately to CMB-S4. In order to find the effective noise in the common sky areas covered by different experiments, we find the harmonic mean of their individual noise power spectra squared. Fig.  11 shows the combination of Planck+SO. As we can see, the contribution to the total S/N by SO only improves from 8.5 to 9. For CMB-S4 the improvement is virtually zero and the result is identical to the right plot in Fig. 10 .
SUMMARY AND DISCUSSION
In this paper we reviewed how the motion of the observer affects the statistics of the cosmic microwave background radiation. We investigated the significance of the Doppler and aberration residuals-induced by the dimensionless velocity β = 0.00123 towardsβ = (264 • , 48 • ) direction-in CMB statistics. The summary of the results are as follows.
CosmoBoost : We introduced a software that can be used by current and future CMB experiments to accurately simulate the Doppler and aberration effects, or correct/remove their footprints from observations. Currently, these motion-induced effects are either not corrected for, or are corrected only statistically using the Jeong et al. (2014) analytical formula. In §3.2 we showed that while this approximation emulates the ensemble average of the effect extremely well, it can leave non negligible amounts of residuals in the map. These residuals can be removed by either using the exact deboosting formalism offered by CosmoBoost, or effectively eliminated by employing a large bin size (δ > 50).
Boost Variance: The motion of the observer changes the variance of the CMB anisotropies around the theoretical mean and hence can lead to an error associated with determining the power spectra and the inferred cosmological parameters. Using simulations, in §3.3 we showed that the boost variance in an area towards the direction of motion ( f sky = 10%) becomes larger than 10% of the rest frame cosmic variance in temperature, and 20% in polarization beyond 1500. However, if the effect of the boost is being corrected for-even statistically-the boost variance reduces by an order of magnitude.
Hemispherical Power Asymmetry: In partial patches of the sky towards the direction of motion, the induced coupling between harmonic multipoles increases the power in both temperature and polarization up to a few percents. The opposite happens for a patch lying on the opposite side of the sky. In § 4 we showed that this difference in power results in a hemispherical asymmetry in Planck-like simulations with an average (maximum) of roughly 1.0% (1.7%) in TT, and 0.9% (2.1%) in EE (see Fig. 4 ). The motion-induced distortions in the power spectra (∝ dC /C ) are out of phase with the primary CMB fluctuations, therefore, any hemispherical asymmetry of this origin is expected to show a similar fluctuating pattern. We made a comparison between the scale dependent fluctuations in the power asymmetry of the Planck SMICA spectra and the ones from boosted simulations. Based on the marginal resemblance between the oscillating patterns of observation and simulation, we suspect that part of the hamispherical asymmetry observed in Planck SMICA maps should be due to the Doppler and aberration effects. However, we do not draw final conclusions and postpone a more rigorous analysis of this effect to future work.
Parity Asymmetry: A brief analysis of the whole-sky boosted and rest frame simulations revealed that the motion of the observer does not induce any parity asymmetry in neither temperature nor polarization of the CMB. In § 5, using the R statistic which calculates the ratio of even ( = 2n) to odd multipoles ( = 2n + 1) up to max = 500, we only found 0.05σ motion-induced parity asymmetry in TT, and 0.03σ for EE. Therefore, we safely reject Lorentz boost as a source of the anomalous parity asymmetry observed in Planck maps.
Cosmological Parameter Estimation: We also performed maximum likelihood MCMC cosmological parameter estimation on TTTEEE power spectra in the rest and boosted frames and made a comparison between the two in § 6. The bias on most parameters are only about 0.02σ, with the most affected being the sound horizon θ at 0.06σ and the least affected being the amplitude of curvature perturbation A s at 0.01σ. The smallness of this effect is not surprising for Planck because as demonstrated in Yasini and Pierpaoli (2017b) , the Doppler and aberration effects from northern and southern hemispheres mostly cancel each other upon calculation of the power spectrum on the whole sky. Since Planck's foreground masks are fairly symmetric, the residual effects on the whole-sky temperature and polarization power spectra are only of order O(β 2 ). This makes the error propagated onto the inferred parameters negligible as well. Our final results for the amount of motion-induced biases on the inferred cosmological parameters from a Planck-like experiment are on average smaller than the ones reported in Catena and Notari (2013) .
Boost Detection: The Planck collaboration has measured the velocity of the Solar System w.r.t CMB in Aghanim et al. (2014) . This measurement which relies on the motion-induced coupling between nearby harmonic multipoles is independent of the CMB dipole observation. The signal, which is proportional to the slope of the underlying power spectrum, is intrinsically larger in EE polarization than TT. In §7 we showed that exploiting the high temperature and polarization sensitivity of the Simons Observatory will allow us to obtain S/N ∼ 8.5, and S/N ∼ 9 in combination with Planck. CMB-S4 can enhance this measurement to S/N ∼ 20.
APPENDIX A: DOPPLER AND ABERRATION KERNEL
For reference, here we explicitly write the expressions for the temperature and polarization Doppler and aberration kernels. Detailed discussions on the topic can be found in ; Chluba (2011); ; Yasini and Pierpaoli (2017b) .
We start with the boost equation in real spacẽ
and expand the temperature on both sides in terms of spherical harmonics
Now in order to isolateã T m on the left hand side, we use the orthogonality condition of spherical harmonics and multiply by Y * m (n ), then integrate over the all angles to get
which can be simplified as
In theβ =ẑ coordinate system, the integral yields a δ m m , implying that there is no mixing in m. Therefore, the m index of the kernel is redundant and can be dropped. This simplifies the definition of the Doppler and aberration kernel for temperature to
We can easily derive the equivalent expressions for polarization E and B modes as Yasini and Pierpaoli 2017b )
and
where s Y m (n) is the spin weighted spherical harmonics. We should emphasize that these equations are only valid for thermodynamic temperature and do not hold for frequency dependent observables such as brightness temperature T ν or specific intensity I ν . Yasini and Pierpaoli (2017b) introduced a generalized formalism to deal with the complications arising from the frequency dependence of the motion induced effects.
APPENDIX B: TE CROSS CORRELATION
Throughout the main text we focused on the TT and EE power spectra. In this appendix we discuss how the motion induced effects change the TE power spectrum as well. Since the TE power spectrum goes to zero at certain modes, calculating its relative change ∆C T E /C T E yields infinities over those modes. In order to alleviate this problem in the following plots, instead of dividing the change in the power spectrum ∆C T E by C T E , we divide by the following
which is inspired by the expression for the TE cosmic variance.
B1 Equal-Area Strip Cuts
In order to gauge the significance of the motion-induced effects in the TE power spectrum we repeat the exercise of § 3 on the five equal-area strip cuts in the northern hemisphere. Fig. B1 shows the relative change in the TE cross correlation of 100 simulations for each of these strips, as well as the Jeong approximation and the 1σ region of the residuals it leaves in the power spectrum. Unlike the TT and EE (see Fig. 2 ) there is no significant increase in the overall power as we go to smaller angular scales. However, similar to TT and EE the amount of fluctuation increases as we go to higher latitudes (closer to the direction of motion). The Jeong et al. (2014) formula is still performing well for the change in the TE power spectrum, but it still leaves residuals for individual simulations.
B2 Hemispherical Asymmetry
Let us look at the amount of hemispherical asymmetry induced in TE due to the motion of the observer. Fig. B2 shows the amount of induced asymmetry in the northern Figure B1 . The relative change in the TE power spectrum due to the observer's motion. The amplitude of fluctuations are comparable to TT and EE cases, but unlike them there is no overall increase in power at smaller scales for TE. Similar to TT and EE, the Jeong+14 formula dashed cyan emulates the average effect extremely well, but leaves residuals in individual power spectrum realizations (green band). The residuals can be as large as 20% of cosmic variance (purple band). and southern hemispheres, as well as the difference between the two. Similar to TT and EE, there is about ∼ 1 − 2% motion-induced hemispherical in the TE power spectrum in the average of 100 simulations. Similar to what happens in the case of TT and EE, the effects on the northern hemisphere cancel out the ones in the southern hemisphere upon calculation of the power over the whole-sky (see Fig. B3 . The average change in TE drops to about 0.02% in the whole-sky power spectrum.
B3 Planck SMICA
Finally, in Fig. B4 we look at the the difference between the TE power spectra in the northern and southern hemispheres of the Planck SMICA maps and compare them to the boosted simulations. Similar to the case of TT and EE (Fig. 5) , the fluctuations in the hemispherical asymmetry of SMICA TE resembles that of the simulations, which suggests that this difference could be at least in part due to the Doppler and aberration effects. We will look at this possibility closely in future work. Figure B2 . The observer's motion induces an increase in power in the northern hemisphere (top), and a decrease in the southern hemisphere (bottom), which results in an overall ∼ 1 − 2% hemispherical asymmetry in the TE power spectrum. The faint green lines in the background are individual sims, the jagged black line is the ensemble average, and the smooth green line is the average Gaussian smoothed over δ = 10. Figure B3 . The motion-induced effects on each hemisphere cancel each other out when calculating the power spectrum on the whole sky. Figure B4 . Comparison of Planck SMICA TE hemispherical asymmetry with simulations. The grey lines are the average of 100 simulations, the green circles and lines are a randomly chosen simulation binned and Gaussian smoothed over δ = 50, and the black circles and lines are the corresponding variables for Planck SMICA. The similarity between the fluctuation pattern of the two lines are certainly suggestive of the Doppler and aberration left-overs in the SMICA TE spectrum.
APPENDIX C: BOOST VARIANCE CALCULATIONS C1 Cosmic Variance
We start with a quick derivation of the expression for cosmic variance for review. The variance of the spherical harmonic coefficients of an observable such as CMB temperature or polarization is denoted with the theoretical power spectrum C as
this into Eq. (C13), it is straightforward to calculate the variance of the boosted power spectrum around the theoretical background (C − C ) 2 2 2 + 1 C 2 + β cos θ dC d 2 (C15) +β 3 3 cos θcos 2 θ dC d
The first term is the well-known cosmic variance, and the rest are induced by the motion of the observer. The second term, which we called boost variance in the main text, is dominant over the third term and higher order terms which do not appear in the above expression.
C3 Moments of the Power Spectrum and its Derivatives
For the sake of completeness we provide another derivation of the expression for cosmic variance using the probability distribution of C . We start by considering the distribution function of C /C . Assuming that the a m coefficients are Gaussian distributed, the quantity
has the following chi-squared distribution P k ( χ k ) = χ k/2−1 k e −χ k /2 2 k/2 Γ(k/2) , k ≡ 2 + 1.
By evaluating the first moments of χ k we obtain
which is equivalent to
From the second moment
we find
which is equivalent to Eq. (C11). As for the derivatives of C , we can calculate them by taking the derivative of Eq. (C19) with respect to k
where ∂ k ≡ d dk = d 2d . The caveat here is that the ensemble average and the derivative do not necessarily commute for low values of k, but when k 1 we have ∫ ∂ k P k χ k d χ 0 so Eq. (C23) is valid. Rewriting this equation in terms of C we obtain
which simplifies to the following expression for the ensemble average of the derivative of the power spectrum:
The average of the second derivative of C can be derived similarly as
One can take this a step further and calculate the crosscorrelation between the power spectrum and its derivative.
Taking the derivative of Eq. (C21) yields
After rewriting this in terms of C we find
Note that since the derivative and the ensemble average commute, the same exact expression could have been obtained by taking the derivative of C22 with respect to . From C28 we can also find the first moment of the derivative of C 2
Higher order statistics for the power spectrum and its derivative can be derived in a similar fashion.
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